Recently, the regulation to the air pollution is required from a viewpoint of environmental issue. The exhaust gas from the diesel engine is one of the factor that the air pollution is caused. Authors have taken note of PM (Particulate Matter) in exhaust gas and have proposed the combustion system of PM by means of high frequency induction heating. In this paper, as experimental results, it is proved that PM is reduced by PM reduction system utilizing high frequency induction heating. Furthermore, a novel high frequency inverter as the power supply for high frequency induction heating is proposed. And the circuit characteristics are clarified. As a result, although the circuit parameters are changed according to temperature in order to heat a metallic filter to high temperature, this inverter has realized stable operation.
Introduction
Recently, the regulation to the air pollution is required from a viewpoint of protection of the global environment. Diesel engines have been extensively used for the drive power sources of ships and cars from the aspects of the fuel consumption and economy. However, the exhaust gas from the diesel engines contains hazardous substances including the oxide nitrate (NOx), the oxide sulfite (SOx), and Particulate Matter (PM), and is considered one of the factors of the air pollution sources. Various studies were made on these purifying technology, and as a result, SOx can be reduced by improving the fuel components. However, PM and NOx are in the trade-off relationship, and it is difficult to reduce these factors only by improving the diesel engine body. Studies are being made on the drop of the combustion temperature in reducing NOx; however, PM is increased in quantity while NOx can be reduced. PM is considered to be a factor to cause lung cancer and allergy, and the countermeasures for reduction are expedited.
Presently, a system looks potential, in which PM is trapped by installing an exhaust gas filter on the exhaust pipe as the PM reduction system for diesel engines of land-use buses and trucks. This is a method to physically trap PM emitted from the engines, and re-heat and burn it. However, in the conventional re-heating method by an electric heater and a burner, the connection unit of the heater to the filter is excessively heated due to the heating of filter by the heat transfer. The entire filter is non-uniformly heated. Thus, the temperature control during the re-burning, and there occur problems that the filter is eroded or broken unless it is appropriate (1), (2) . Further, the filter must be changed before it is clogged, and the control is essential. When an electric heater is used for the post-treatment of the filter, a care should be paid to the disconnection of the heater unit by the heating, and its maintenance becomes complicated.
In this study, the system to prevent PM has been examined as the diesel engine exhaust gas purifying system, and the authors proposed the PM reduction system before (3) . This system can heat the filter itself in a non-contact manner by the high frequency induction heating, and the previous problems were solved. Further, in this paper, the PM reduction system was installed on the actual diesel engine, the test to demonstrate the PM reduction effect for evaluation and examination of the system.
In addition, in this study, the circuit parameters are largely changed since the metal filter as a work is heated at high temperature over Curie point. Since the power supply for high frequency induction heating is required to be stably operated against the change of the circuit parameters, a new high frequency inverter to realize such the power supply was proposed, and its circuit characteristic is examined from both the numerical analysis and the induction heating test.
Bulletin of the JIME, Vol. 29, No.2 (4) Fig. 1 shows the proposed PM reduction system. In this system, the filter can be uniformly heated because the filter itself is heated in a non-contact manner by making use of the high frequency induction heating. Further, by heating the filter at high temperature, PM is burnt while it passes through the filter, and reduced in quantity, having an advantage that the filter need not be changed.
PM Reduction System
The proposed system in the figure shows an application to a marine diesel engine. In the figure, PM emitted from the diesel engine is guided from the exhaust pipe to the induction heating unit directly connected to the exhaust pipe, and passes through the filter heated at high temperature. Because PM is burnt while it passes through the filter, the filter is never clogged. Further, because the filter is heated in a noncontact manner by induction heating, this system has advantages that not only the coil for induction heating is not heated, but also disconnection of heater units which occurs with an electric heater never occurs. Thus, this system can be concluded to be theoretically maintenance-free. When an exhaust gas economizer is equipped, the thermal energy of the exhaust gas heated at high temperature can be effectively recovered by installing the exhaust gas economizer immediately behind the induction heating unit.
Induction Heating Power Source

Configuration of Main Circuit
A high frequency inverter is used in a high frequency induction heating power supply applied to the PM reduction system; however, because there occur problems associated with the high frequency, various kinds of soft-switching type high frequency inverters are devised for countermeasures thereof. However, these soft-switching system will complicate the circuit configuration. Thus, in this paper, a voltage-fed ZCS high frequency inverter in complex resonance is proposed, which realizes the ZCS (Zero Current Switching) as the soft-switching by a simple circuit configuration. Fig. 2 shows the circuit configuration.
This circuit realizes the ZCS operation by making use of the overlapping commutation phenomenon, and simplifies the circuit configuration. The tank circuit is formed by using the complex resonance, and thus, the switching current can be suppressed while supplying a large current in the load. As a result, the switching current stress is reduced. In addition, by inserting the reactor Ls in the bridge, the overlapping commutation phenomenon can be generated even when the input DC reactor Ld is very small. Thus, the maximum value of the switching voltage is suppressed making use of the stray inductance component in the wire for Ld, and the switching voltage stress is reduced (4), (5) . As described above, this circuit reduces the switching stress while realizing the ZCS operation as the soft switching with a simple circuit configuration.
Fig. 2 ZCS high frequency inverter in complex resonance
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Circuit Characteristic
ZCS Operation Characteristic Analysis
In order to drive the high frequency inverter for the induction heating power supply in an optimum frequency range and under an optimum load condition, the ZCS operation region must also be taken into consideration. Thus, the boundary of the ZCS operation region and the non-ZCS operation region, and various stationary characteristics are clarified by implementing the numerical analysis of the proposed inverter. The numerical analysis will be implemented using normalized parameters shown in Table 1 in order to give the flexibility in the circuit design.
In the inverter making use of the proposed complex resonance, selection of the circuit parameters largely affect the circuit operation. In this study, it is important to select the optimum parameter to reduce the switching stress. Among the circuit parameters, the reactor ratio α (Ld/Lo), the reactor ratio β (Ls/Lo), and the capacitance ratio p (Cp/Co) affect the ZCS operation region and various characteristic values of the ZCS operation. In this circuit, the stray inductance component in the wire is used for Ld, and very small, and thus, α = 0.05 in the analysis. Thus, it is important to select the reactor ratio β and the capacitance ratio p. The function of the complex resonance load is considerably changed according to selection of these parameters. The object of this circuit is to increase the load current by forming the tank circuit and to suppress the switching current, and when an inappropriate parameter is selected, the circuit has a function of bypassing the load. Taking into consideration these points, the circuit analysis is implemented to consider the optimum parameters.
ZCS Operation Region
In this section, the effect of the changes in the reactor ratio β and the capacitance ratio p on the ZCS operation region is examined. Fig. 3 shows the effect of the change in the reactor ratio β on the ZCS operation region when the capacitance ratio p is constant. It is proved that the ZCS operation region is narrower as β is larger.
Similarly, Fig. 4 shows the effect of the change in the capacitance ratio p on the ZCS operation region when the reactor ratio β is constant. It is proved that the ZCS operation region is narrower as p is larger.
Thus, it is shown in this circuit that the ZCS operation region is narrower as the reactor ratio β and the capacitance ratio p are larger.
Further, this circuit has the ZCS operation region on two frequency bands, i.e., the region of high frequency and the region of low frequency, by making use of the complex resonance. This circuit has thus an advantage that a double frequency induction heating is possible with one inverter.
The double frequency induction heating is effective in heating an uneven work; however, in this study, the work is assumed to be cylindrical, and thus, the 
double frequency induction heating is unnecessary, and only one frequency band is used. Thus, the analysis of the subsequent circuit characteristics is implemented using high frequency band which has the wide ZCS operation region and the region of high frequency band is used for this experiment.
β Characteristic
In this section, the effect of the change in the reactor ratio β and the capacitance ratio p on the switching stress is examined.
Figs. It is proved from these figures that both β and p may be increased to suppress Ismax and Vsmax as the switching stress. Further, it is proved in Fig. 6 that Vsmax becomes much larger than the power supply voltage when β is below 0.3, and a care should be paid, while the Vsmax is substantially equal to the power supply voltage otherwise. It is thus shown that Vsmax and Ismax can be suppressed in a range of β ≥ 0.5, and the effect of the change in p on the Vsmax and Ismax is small.
However, if β or p is increased, the ZCS operation region is narrower, and the non-ZCS operation region appears when p ≥ 0.5, and β ≥ 1.
This means that the ZCS operation region becomes narrower when β and p are increased, but β and p have an advantage that Vsmax and Ismax as the switching stress can be suppressed. Thus, the parameters used in the analysis are set to the values to suppress the switching stress while ensuring the sufficient ZCS operation region, and the appropriate ranges are 0.5 ≤ β ≤ 1, and 0.1 ≤ p ≤ 0.5.
From the above examination, β = 0.8 and p = 0.2 are adopted as the circuit parameters to sufficiently ensure the ZCS operation region while suppressing the switching stress.
Various Stationary Characteristics
In the previous section, the reactor ratio β and the capacitance ratio p are determined β = 0.8 and p = 0.2, respectively. Figs. 7 and 8 show the distribution within the ZCS operation region on the normalized µ-λ plane It is shown in these figures that Vsmax in the ZCS operation region is mostly suppressed within 1.2 times the power supply voltage Ed, and substantially equal to Ed in the area of small µ. It is also shown that both Ismax* and Vsmax* are rarely affected by the change in λ, but affected by the change in µ, and both characteristic values are suppressed to be low in the area of small µ. Fig. 9 shows the distribution of Po* in the ZCS operation region. Po* is increased as µ and λ are larger. It is thus shown that the higher output can be obtained in the area of low µ and large λ while suppressing the switching stress.
In a case of the induction heating, the resistance component as the load is small, and there is a limit in increasing λ. In this study, the circuit is designed with the normalized parameters of µ = 2.7 and λ = 0.6.
PM Reduction Effect Demonstrative Test
System Connection Method
In carrying out the PM reduction effect demonstrative test actually, the device to measure PM in the exhaust gas from the diesel engine and the PM reduction system must be connected to the diesel engine. The dilution method is used in measuring PM. Fig. 10 shows the outline of the actually constructed PM reduction system connected to the dilution tunnel for measuring PM. For comparison without any PM reduction system, a bypass pipe is provided between the exhaust pipe and the dilution tunnel.
Demonstrative Test Method
From the examination in the above chapters, the diesel engine was actually operated to carry out the PM reduction effect demonstrative test. Table 2 shows the specifications of the high frequency power supply for driving the PM reduction system. The test engine was a marine 4-cycle diesel engine (Niigata Engineering: 3L13AHS, direct injection type engine having 3-cylinder exhaust turbine, maximum output : 100 PS, and maximum speed : 1200 rpm). A-oil was used for the fuel. In the test, the diesel engine was operated constantly at the 50% load, and the conditions of the exhaust gas entering the dilution tunnel were changed in three cases as follows. 1 Method for allowing the exhaust gas to bypass the induction heating unit and enter the dilution tunnel 2 Method to pass the exhaust gas into the induction heating unit with the power supply is stopped after the induction heating unit is heated to high temperature (1273[K]) 3 Method to pass the exhaust gas into the induction heating unit while keeping the heating condition at high temperature Condition 1 gives the actual value in the present situation, and the reference value is obtained therein, and this condition is defined as the operating condition 1. In Condition 2, the power supply is stopped, and at the same time, the temperature of the induction heating unit is dropped, and the temperature of the metal filter is dropped to about 850 [K] in the measurement due to the cooling by the exhaust gas. This condition is the test condition in assuming the insufficient heating, and defined as the operating condition 2. Condition 3 is an ideal condition in which the temperature of the metal filter is kept in the heated condition of 1273 [K] , and defined as the operating condition 3.
PM Reduction Effect
In the test in the previous section, the quantity of PM trapped by the trapping filter after passing the dilution tunnel must be converted into the concentration of PM contained in the exhaust gas of 1 [Nm3] converted to that in the standard condition because of the difference in dilution ratio (6) . Table 3 shows the converted result and the PM reduction effect. Fig. 11 shows the photo of the filter trapping PM.
The filter number in the table corresponds to the number in Fig. 11 . Regarding the operating condition of each filter, Filter Nos. 1 and 2 show the operating condition 1, Filter Nos. 3 and 6 show the operating condition 2, and Filter Nos. 4 and 5 show the operating condition 3.
The measurement was achieved in the order of the filter number.
Filter Nos. 3, 4 and 5 show substantially same dilution ratio of the exhaust gas, while the color of the filter is paler in the Filter Nos. 4 and 5 than Filter No. 3. In addition, the filter is darker in Filter No. 6 than in Filter Nos. 4 and 5 though the dilution ratio of Filter No. 6 is large. This clearly shows that more PM is trapped, and PM is reduced more in the operating condition 3 than in the operating condition 2.
Further, as shown both in figures and Table, in the operating condition 2, the heating temperature is low, and the PM reduction ratio is low, and the PM density in the exhaust gas is high. On the other hand, in the operating condition 3, the PM burning temperature is kept, PM is mostly burnt, and reduced in quantity, and little PM is trapped by the trapping filter. Thus, the PM in the exhaust gas is also low. From the above findings, it is demonstrated that the quantity PM can be reduced through the high temperature heating by the high frequency induction heating. Fig. 12 shows the test waveform in driving the PM reduction system. (a) shows the test waveform before passing the exhaust gas, and (b) shows the test waveform in passing the exhaust gas.
Experimental Waveform
The test result shows that the maximum switch voltage is suppressed to about 1.1 times the power supply voltage, and the output voltage is larger than the switching current. A high output power can be thus obtained while reducing the switching stress.
The metal filter is heated to the high temperature over the Curie point, but the metal is stable against the change in temperature, and the stable operation with the spike voltage and the surge current suppressed by making use of the overlapping commutation ZCS.
In addition, it is demonstrated from both figures (a) and (b) that the stable operation of the circuit can be realized against the load fluctuation.
Conclusion
In this paper, the PM reduction system was proposed as the purifier of the exhaust gas emitted from the diesel engine, and the PM reduction effect demonstrative test was carried out. As a result, PM is burnt through the high-temperature heating (1273K) by the high frequency induction heating, and the reduction effect was demonstrated. The test shows a prospect that the proposed PM reduction system is applicable to the actual system as the diesel engine exhaust gas purifier. In applying this proposed system to the actual one, it is considered necessary to provide the automatic frequency tracking control though the frequency control to cope with the change in temperature was manually implemented. The authors extended their gratitude to the subsidy of Shipbuilding Academic Research Promotion Organization given to the study.
